We evaluate the sparticle mass spectrum in the minimal four-dimensional construction that interpolates between gaugino and ordinary gauge mediation at the weak scale. We find that even in the hybrid case -when the messenger scale is comparable to the mass of the additional gauge particles -both the right-handed as well as the left-handed sleptons are lighter than the bino in the low-scale mediation regime. This implies a chain of lepton production and, consequently, striking signatures that may be probed at the LHC already in the near future.
I. INTRODUCTION
In this note, we compute the sparticle spectrum in the minimal construction [1, 2] of "gaugino mediation" [3, 4] at the weak scale. Our renewed interest in these models (which are a particular example of General Gauge Mediation [5] ) is twofold. First, this class of models is expected to have interesting phenomenological properties, which may allow early discovery at LHC, in some regime of its parameters space [6, 7] . Second, simple generalizations of such models have a natural embedding in (deformed) SQCD, and can thus provide a dynamical realization of direct gaugino mediation [8] .
This minimal four-dimensional construction interpolates between gaugino and ordinary gauge mediation, and we thus refer to it as "Minimal gaugino-Gauge Mediation" (MgGM). In ref. [9] , we computed the sparticle mass spectrum of MgGM at the messenger scale (see also [10, 11] for generalizations). The theoretical setting and the explicit results of [9] will be presented in section 2. In section 3 of the present work, we evaluate the sparticle spectrum in this class of models at the weak scale.
The main result of this note is the following. Even in the hybrid case -when the messenger scale is comparable to the mass of the additional gauge particles -both the right-handed as well as the left-handed sleptons are lighter than the bino in the low-scale mediation regime. This implies a chain of lepton production and, consequently, striking signatures that may be probed at the LHC already in the near future [6, 7] . Our results are further discussed in section 4.
II. THEORETICAL SETTING
The model consists of a visible sector with the MSSM matter fields (Q,Q), which are charged under a gauge group G 1 ; the messenger fields (T,T ) are charged instead under a second gauge group G 2 . Supersymmetry breaking is communicated to the visible sector by link fields (L,L), which are charged under both of the gauge groups. A quiver diagram for the model is shown in figure 1 . The messenger fields (T,T ) couple to the spurion of SUSY-breaking, S,
FIG. 1:
Quiver diagram for the model.
whose scalar components get VEVs,
as in Minimal Gauge Mediation (MGM), and we denote the effective SUSY-breaking scale, F/M , by
Finally, the link fields get a VEV,
This model interpolates between gaugino mediation (when the VEV is much smaller than the messenger scale, v ≪ M ), and MGM (when v ≫ M ). The gauge groups G 1 and G 2 are both chosen to be SU (5); at energies below the gauge coupling unification scale, G 1 is spontaneously broken to SU (3) × SU (2) × U (1). The VEV of the link fields v breaks G 1 × G 2 to a linear combination of the two groups, with gauge couplings
where r = 1, 2, 3 correspond to the U (1), SU (2), SU (3) gauge couplings, respectively. Let us introduce the four dimensionless parameters x and y r :
where m vr is the mass of the corresponding massive combination of the gauge particles of G 1 × G 2 , which is spontaneously broken by v. In order to maintain the gauge coupling unification we require that G 2 is SU (5)-invariant just above the scale v [1] ; then all the three couplings g
2 are equal to the same value g 2 . In this work we consider cases where M > v. The mass scales,
at the messenger scale M , are thus functions of the coupling constant g 2 and the MSSM gauge couplings, measured at the messenger scale. The coupling g 2 is a free parameter, which controls how much the sfermions mass suppression factor is uniform among the three SM gauge groups; in the formal limit g 2 ≫ g (3) SM , the suppression factors are the same for each gauge group. In the opposite limit, where g 2 ≈ g The gauginos soft masses are the same as in minimal gauge mediation [12, 13] :
where
and n r is the Dynkin index for the pair of messengers in a normalization where n r = 1 for N +N of SU (N ), and n 1 = 6 5 Y 2 for a messenger pair with electro-weak hypercharge Y = Q EM − T 3 (we use the GUT normalization for α 1 , as in [12] ).
The sfermions soft masses were computed in [9] :
where Cf r is the quadratic Casimir invariant of the MSSM scalar fieldf , in a normalization where C 3 = 4/3 for color triplets, C 2 = 3/4 for SU (2) doublets and
The function s(x, y) is given by
The function h is defined by the integral [14] :
where the dilogarithm is defined by Li 2 (x) = − 1 0 dt t log(1 − xt), and an analytical expression for h can be found in [14] . We refer the reader to ref. [9] for more details. Finally, a comment is in order. Equations (9)- (12) give the sfermions masses in the two-loop approximation. As pointed out in [8] , in some regimes of parameters space, where the suppression factors s(r) ≡ s(x, y r ) are small, it might be that the three-loop corrections are actually bigger than the two-loop ones. The size of the three-loop corrections is weighted by an extra loop factor, ω r ≡ α (r) SM /(4π), instead of the suppression factors s(r); a plot of ω r is given in figure 3 . Hence, the higher-loops corrections are negligible when ω r are sufficiently smaller than s(r); for the examples presented in the following section, we will argue that this is indeed the case.
III. SPARTICLE SPECTRUM
If the massive gauge particles masses are bigger than the messenger scale, m vr ≥ M , for all r = 1, 2, 3, we can ignore contributions to the soft terms beta functions from the hidden sector. In the following we will focus on some examples with m v1 = M . These are particularly interesting, since they provide a hybrid model of MgGM -something which is right in between gaugino mediation and MGM. We consider for simplicity the case of N mess degenerate messengers in the (5 +5) representation of SU (5).
At one loop (and ignoring the threshold corrections), the MSSM gauge couplings as functions of the energy scale are:
where t = ln(Q/m Z ). We use this as an initial estimation in order to compute the soft masses at the messenger scale; the program SOFTSUSY [15] is then used to solve the Renormalization Group Evolution down to the electroweak scale and to compute the physical spectrum. These are used by SOFTSUSY to compute the gauge couplings at the messenger scale; the result is then used to correct the initial estimation for the soft masses. This procedure is repeated until a self-consistent result is found (typically convergence is achieved with good approximation after 3 − 4 steps).
The trilinear A-terms are set to zero at the messenger scale (this is usually a good approximation because they have the dimension of a mass and they are suppressed by an extra loop factor compared to the gaugino masses). We work in the usual approximation where only the (3, 3) family components, y b , y t , y τ , of each Yukawa couplings matrix are important (for a review of these and other issues, see e.g. [16] [17] [18] ).
Concerning the Higgs sector, as common in this kind of phenomenological studies [19, 20] , we do not choose any specific model for (µ, Bµ), but we treat them as free parameters. The value of tan β is fixed at the beginning of the calculation; the parameters (µ, Bµ) are then found from the Higgs VEV and from the chosen value of tan β. We take the boundary conditions for the soft masses of the Higgs fields, m On the first column of each table the case of low messenger scale M ≈ 10 5 GeV is considered, with the requirement M = 0.99Λ; this corresponds to a rather extreme corner of the parameters space, where the lighter messenger has a mass near the 10 TeV, and where the sfermion masses are particularly suppressed. The precise value of M is chosen in order to satisfy the two experimental constraints: m h0 > 114. 4 GeV, and that the mass of the lowest charged slepton mτ 1 is bigger than about 100 GeV. In this regime, the suppression factors s(1) and s(2) are rather small, comparable to the three-loop extra factor ω r in figure 3 . We have checked though that allowing for corrections in s(r) of order ω r , the results are essentially unchanged. Theτ 1 slepton is mainly right-handed; the lightest neutralino is mainly a bino in the case of one messenger, while it is mainly higgsino in the case of N mess = 5.
On the second and third columns, the cases of M = 10 8 , 10 15 GeV are considered; the value of Λ is chosen to satisfy the two constraints on m h0 and mτ 1 . In all these cases, the lightest neutralino is mainly a bino, and theτ 1 slepton is mainly right-handed. The three-loop corrections are negligible in these cases.
In the tables, in addition to the sparticle spectrum at the weak scale, we also present the values of the soft masses at the messenger scale, M r , m Q , m u , m d , m L , m e , µ, Bµ, as well as the messenger scale M itself, the effective SUSYbreaking scale Λ, and the link fields VEV, v. The values of the suppression factors s(r), and the parameters y r , are also introduced in each example. Note that the values of y r in the tables take into account the threshold corrections to α SM (M ) obtained in the iterations described above; on the other hand, the plot in figure 2 uses the input values in eq. (13) .
Already for one messenger, in most of the parameters space the NLSP is theτ 1 slepton. The exception to this is realized for a very large messenger scale M and sufficiently low tan β; for M = 10
15 GeV and tan β = 20, the lightest neutralino and theτ 1 have a comparable mass. This is different from Minimal Gauge Mediation, where for one messenger the NLSP is mainly a bino in most of the parameters space.
In the case of a low messenger scale M ≈ 10 5 GeV, Λ ≥ 0.8M with one messenger, both the right-handed and the left-handed sleptons are lighter than the lightest neutralino. If we increase the number of messengers, this kind of spectrum is much more generic; for example, for N mess = 5, this is generically possible for M ≤ 10 8 GeV and Λ ≈ 10 5 GeV. This scenario can lead to striking collider signatures [6, 7] ; squark decay chains can pass through one or more sleptons and typical final states from squark and gluino production at the LHC would include multiple leptons.
Finally, models with Bµ = 0 at the messenger scale may have phenomenologically attractive features, e.g. because a vanishing Bµ may provide an explanation to the absence of potentially dangerous CP violating phases µ * (Bµ)M * r , and it may sometimes be useful in addressing the µ/Bµ problem. It is thus curios to note that this can be achieved in MgGM, for example for N mess = 1, tan β = 20, M ≈ 2.615 × 10 13 GeV and Λ = 1.7 × 10 5 . A scan of the parameter space of General Gauge Mediation models with Bµ = 0 was recently discussed in [21] .
IV. DISCUSSION
In this note, we computed the sparticle mass spectrum in Minimal gaugino-Gauge Mediation (MgGM) at the weak scale in various regimes in the parameters space (5), and for several numbers of messengers. In particular, we found that for a sufficiently low messenger scale M , the NLSP is the right-handed stau, followed by the right-handed selectron, and the left-handed sleptons, all of which are lighter than the lightest neutralino. Such a hierarchy of the spectrum has striking signatures in hadronic colliders, since it gives rise to a cascade of leptonic production, and consequently it may be probed at the LHC in the near future [6, 7] .
It is remarkable that such a weak-scale phenomenology can be obtained already in the minimal model, yet it should be interesting to investigate some generalizations. For instance, it would be instructive to inspect a general messenger sector, along the lines of the General Messenger Gauge Mediation (GMGM) models studied in [22] (note however that MgGM and its generalizations are not GMGM-type). Of particular interest are the weak-scale phenomenological aspects of the "Direct Gaugino Mediation" models of [8] , and their generalizations, since they have a simple dynamical realization in deformed SQCD.
It should also be interesting to study the effects of doublet-triplet splitting in the messenger sector, as in [12, 23] , or in the link field sector. This is likely to allow unusual hierarchies of masses, as in the (Extra)Ordinary Gauge Mediation models studied in [23] . Finally, it would also be nice to consider richer link fields sectors, e.g. larger quivers, of the type analyzed in [2, 10] , and to study in detail the regime where the messenger scale M is not comparable to the massive gauge particles scale m v .
Note Added: For sufficiently small tan β, our models may have the Tevatron signatures of promptly-decaying slepton co-NLSPs, studied recently in [24] ; we thank Nathan Seiberg for pointing out this work to us. 
